INTRODUCTION
Direct bacterial counting remains an important tool in microbial ecology. Fluorescent dyes and epifluorescent microscopy are widely used for the enumeration of bacteria. The direct total count (TC) of bacteria can be done by staining microbial nucleic acids with 4′,6-diamino-2-phenylindole (DAPI) or acridine orange (1) . The fluorescence of DAPI-stained bacteria greatly depends on the sample, and thus the performance of the detection method is important, especially when analyzing bacteria with a low level of fluorescence (2) . Fluorescence in situ hybridization (FISH) is used to enumerate specific microbial taxa [specific count (SC)] from natural samples (3) . To determine the relative abundance of selected taxa, the same sample is first hybridized with a species-specific probe and then stained with DAPI to account for nonhybridizing bacteria (4, 5) ; this is defined as double staining. After the double staining, the bacteria are enumerated at two different wavelengths at the same position within the sample. The visual enumeration, comparison of the similarity of TC and SC images, and estimation of cell dimensions are laborious, time-consuming, and difficult tasks. Therefore, automated cytometry is becoming increasingly important.
Digital imaging is one approach to enable the automatic enumeration and analysis of samples. Today, epifluorescent microscopes can be integrated with imaging devices and software for the enumeration of bacteria, including automatic focusing and counting. Previous automated research on microbial enumeration has been primarily based on commercial software (6) (7) (8) (9) (10) (11) . Microscopic studies are still often done with manually focused microscopes, and commercially available enumeration programs are generally expensive and sometimes complicated to use, especially for a nonprofessional (12) . For these reasons, there is a need for free and easy-to-use image-processing software for the enumeration, size measurement, and image-to-image comparison with manual microscopy.
In this paper, we present an easyto-use cell-counting software tool, CellC. The program includes a graphical user interface (GUI) and a batch-processing mode that allows for the analysis of multiple images without user intervention. CellC enumerates cells, divides cell clusters into single cells, and compares TC and SC fluorescence microscope images. In addition, quantitative estimates of areas, widths, lengths, and volumes for each cell are produced. The validity of CellC enumeration was assessed by comparison with manual counting results and those acquired by ImageJ (13) image analysis software.
MATERIALS AND METHODS

Method Description
The procedure is divided into two phases: (i) segmentation and analysis of the TC image; and (ii) analysis of the SC image and combining these results with those acquired from the TC image.
The aim of applying image processing to the TC image ( Figure  1A ) is segmentation of cells from the background and extraction of individual cells from cell clusters to enable data acquisition on a cell-by-cell basis. First, the image background is corrected for brightness variations, appearing in the background because of uneven illumination, and for background autofluorescence. Because the light intensity can be assumed to be quadratic (14) , the correction is done by fitting a twodimensional quadratic polynomial to the image and subtracting the fitted polynomial surface from the original image. Second, the cell pixels are separated from background pixels by global thresholding (15) , producing a binarized image with white cells on a black background. Clustered cells are then separated from each other by marker-controlled watershed segmentation (16) that is based on cell intensity. Finally, artifacts such as staining residues are removed by discarding objects smaller than 1/10 of the mean size of all objects or by deleting objects smaller/larger than user-defined thresholds.
When the SC image ( Figure 1B ) is obtained, the above analysis procedure is repeated on the SC image in a similar manner. After the analysis, a logical AND operation is performed between the analysis results of TC and SC images. This produces a result with only the objects that were visible in both of the images. The length, width, and volume approximations of the objects are calculated as previously described (17) .
Method Validation
For the validation of the enumeration results, two different types of bacterial samples were tested. TC and SC results were validated with bacterial samples taken from a fluidized-bed bioreactor for ferric sulfate production. Samples were visualized by DAPI staining ( Figure 1A ) and FISH ( Figure 1B ). For FISH, bacteria in solution were fixed in 4% paraformaldehyde buffered by phosphate-buffered saline (PBS) for 4 h at 4°C before filtering through 0.2-μm pore size polycarbonate filters (Cyclopore ® Track Etched Membrane; Whatman, Brentford, UK). The filters were then washed with PBS. The samples were hybridized with Cy™3-labeled oligonucleotide probe for 2 h and stained with DAPI (1 mg/L for 5 min) (18) . In addition, TC results were validated with DAPI-stained filtered bacterial water samples, taken from a pilot-scale water hydraulic system (19) . All samples were examined using an Axioskop ® 2 epifluorescence microscope, and images were captured with an AxioCam ® MPc digital camera using MRGrab 1.0 software (all from Carl Zeiss, Göttingen, Germany). For this study, the bacterial numbers were manually and automatically counted (CellC, ImageJ) from the acquired images.
The Pearson correlation was used as a similarity measure between the results of different enumeration methods. The Pearson correlation coefficient for vectors x and y is defined as where n is the number of elements in vectors x, y; s x , s y are the standard deviations of x, y, and x, y are the means of elements of x, y.
RESULTS AND DISCUSSION
Software Description
CellC can be used to analyze bacteria in one image (TC) or to process an image pair (TC and SC). A GUI has been implemented to provide a user-friendly environment for image analysis and to make manual parameter adjustment possible. A batchprocessing mode is also implemented, where several images can be processed sequentially without user intervention. The results are saved in a standard comma-separated values (CSV) file that can be opened using spreadsheet software. In addition to the enumeration results, the area, length, width, volume, and intensity measurements for each cell are included in the CSV file. A summary file and binary images ( In comparison to the freely available image processing and analysis platform ImageJ (13), our implementation has several differences: CellC has not been designed for basic image processing or for statistical analysis, but rather purely for counting cell numbers and analyzing cell characteristics. This design paradigm enables minimization of different options for the user to define, which makes the software more intuitive for users not familiar with computer science or image-processing terminology. After installation of the software, the analysis procedure is fully automated for color and grayscale images, and the user is automatically prompted to save the resulting analyses. Statistical data analysis is possible by importing the results into spreadsheet software.
In addition to the fully automated analysis, the image-processing procedure can be modified by manually adjusting the analysis parameters. If source code-level analysis of the processing functions is needed (e.g., for details on RGB to grayscale conversion), fully commented MATLAB 7.0 source code has been released under the GNU General Public License (GPL). This allows users to freely modify the source code and experiment with different algorithms to suit their individual needs. In contrast with the Java language used in ImageJ, MATLAB is a higher level programming language specifically designed for scientific computation. The source code as well as the executable files of CellC are freely available from www.cs.tut.fi/sgn/csb/ cellc.
Result Validation
For validation of both TC and SC enumeration results, 19 fluidized-bed bioreactor samples were analyzed. The TC analysis results for comparison of CellC, ImageJ, and manual analysis are presented in Figure  2A . The Pearson correlation, r, in TC analysis between CellC and manual analysis was 0.98; between CellC and ImageJ, 0.99; and between ImageJ and manual analysis, 0.98. The SC results between CellC and manual analysis are illustrated in Figure 2B . For the SC results, the Pearson correlation was 0.92. For additional validation of TC results, 56 images of samples, taken from a water hydraulic system, were enumerated manually and by using CellC. The Pearson correlation between manual and CellC enumeration results was 0.99. These comparisons show that the results acquired by CellC were very similar to the results of other techniques. Further, because CellC uses a more configurable cell cluster separation algorithm than ImageJ, the procedure can be tuned to produce feasible results from images with small clusters as well as from images with relatively heavy clustering of cells.
The SC images were not processed with ImageJ due to problems in automatic image thresholding (binarization); manual thresholding would have been required to separate the cells from the background. Only enumeration results were compared between CellC and ImageJ because the results from cell size analysis vary according to the binary thresholding value selected; with high threshold, cell sizes are smaller as more pixels are selected to belong to the background. Small variations in the results with different methods (Figure 2, A and B) were likely due to human error in the manual count and to different imageprocessing algorithms.
The most significant difference in the image-processing algorithms between CellC and ImageJ is the background removal. For example, in thresholding, because the same threshold value is used in the whole image area, a relatively uniform background is essential for the correct operation of the enumeration and analysis. Part of the difference in the results is also caused by the differences in cluster separation because CellC enables manual adjustment of the cluster separation algorithm.
Future Development
Applications of CellC software are numerous. First, preliminary approximations of cell and object counts can be obtained without expertise in image processing. Second, the verification of previously, manually or automatically acquired results is possible. Third, the summary information produced allows for manual discarding of unreliable results. Fourth, in addition to basic enumeration of objects, the size, intensity, and other detailed information can be obtained. Finally, because no user intervention is needed after the start of the analysis, processing can be done overnight by using a batch of pictures. The correlations of results between CellC, manual enumeration, and ImageJ revealed that CellC produces feasible results.
The main challenge in the analysis and, therefore, the main emphasis of future research, is image segmentation. With strong gradients in the intensity of the image, or strong background autofluorescence that causes poor contrast between the cells and the background, the automated thresholding algorithm is unable to separate the cells from the background. This also applies to samples with no cells in the image but can be often corrected by manual selection of the threshold value.
Additionally, because cell sizes in microscopic images depend on the staining method used and the size values given by the program are directly measured from the pixel intensities, the staining method may cause underestimation or overestimation of the cell sizes (17) . Further work focuses on including additional thresholding and segmentation algorithms in CellC in order to recognize cells from a biofilm, where stained cells have stronger intensity than extracellular polymer substances. In conclusion, CellC enables the enumeration of bacterial cells, provides quantitative estimates of cell dimensions, and includes fully automated analysis as well as manual tuning of the analysis procedure with the help of a GUI. High correlations were observed between the results by CellC, ImageJ, and manual enumeration. CellC can be freely downloaded, modified, and redistributed.
